site, and we proposed that these enhancers would have been established in ancestral sarcoptergians after divergence from actinopterigians for the use of Otx2 as the head organizer gene . This would make doubtful an earlier proposal of ours that a 1.1 kb fragment located at +14.4 to +15.5 kb 3 0 (3 0 En) of fugu Otx2a gene harbors enhancers phylogenetically and functionally homologous to mouse VE and CM enhancers (KimuraYoshida et al., 2007). In the present study, we demonstrate that fugu Otx2a is not expressed in the dorsal margin of blastoderm, shield and early anterior mesendoderm, and that the fugu Otx2a 3 0 En do not exhibit activities at these sites of fugu embryos. We conclude that the fugu Otx2a 3 0 En does not harbor an organizer enhancer, but encodes an enhancer for the expression in later anterior mesendodermal tissues. Instead, in fugu embryos Otx2b is expressed in the dorsal margin of blastoderm at blastula stage and shield at 50% epiboly, and this expression is directed by an enhancer, 5 0 En, located at À1000 to À800 bp, which is uniquely conserved among teleost Otx2b orthologues.
Otx2
Head organizer site, and we proposed that these enhancers would have been established in ancestral sarcoptergians after divergence from actinopterigians for the use of Otx2 as the head organizer gene . This would make doubtful an earlier proposal of ours that a 1.1 kb fragment located at +14.4 to +15.5 kb 3 0 (3 0 En) of fugu Otx2a gene harbors enhancers phylogenetically and functionally homologous to mouse VE and CM enhancers (KimuraYoshida et al., 2007) . In the present study, we demonstrate that fugu Otx2a is not expressed in the dorsal margin of blastoderm, shield and early anterior mesendoderm, and that the fugu Otx2a 3Introduction
In mouse, anterior visceral endoderm (AVE) and anterior mesendoderm (AME) play essential roles in anterior-posterior axis formation and head development (Ang et al., 1994; Thomas and Beddington, 1996; Beddington and Robertson, 1999; Tam and Steiner, 1999; Kimura et al., 2000 Kimura et al., , 2001 Perea-Gomez et al., 2002; Rossant and Tam, 2004; Takaoka et al., 2006) . A series of head organizer genes is expressed in AVE and AME, and a paired type homeobox gene, Otx2, is one of the AVE/AME genes essential to the AVE formation and head development (Rhinn et al., 1998; Kimura et al., 2000; Kimura-Yoshida et al., 2005; Rakeman and Anderson, 2006; Migeotte et al., 2010) . The Otx2 expression in AVE and AME is regulated by the 1.8 kb region (a1 region) 5 0 proximal to the translation start site (Kimura et al., 1997; Kimura-Yoshida et al., 2007; Kurokawa et al., 2010) . In the a1 region 51 bp VE and 49 bp CM sequences (located at À594 to À543 and À884 to À835, respectively; throughout this paper, +1 is the 'A' of the translation start codon) have been identified as enhancer domains. The VE enhancer is regulated by FOXA2 (Kimura-Yoshida et al., 2007) , and two motifs, A (TAAATCTG) and B (CTAATTA), are essential to the CM activities 0925-4773/$ -see front matter Ó 2011 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2011.11.001 (Kimura et al., 1997) . Previously we proposed that VE and CM enhancers would have been established in the a1 region of an ancestral sarcoptergian after divergence from actinopterigians for the use of Otx2 as the head organizer gene . The a1 region of soft-shelled turtle Otx2 gene exhibited distinct activities in mouse AVE and AME. That in Xenopus Otx2 gene exhibited activities not only in mouse AVE and AME, but also in Xenopus deep endoderm cells where the expression of other head organizer genes overlaps; the result supported the idea that the Xenopus deep endoderm cells adjacent to Spemann's organizer are homologous to mouse AVE cells (Jones et al., 1999; Kurokawa et al., 2010) . The VE and CM enhancers are also conserved in coelacanth Otx2 gene, while the VE and CM domains are only weakly conserved in Polypterus; the Polypterus a1 region did not exhibit activities in mouse, Xenopus or zebrafish organizer tissues . The skate, lamprey, fugu, medaka or zebrafish Otx2 orthologues only poorly or not at all conserve the VE or CM sequences in the a1 region.
Teleost animals had undergone whole genome duplication (Amores et al., 1998; Postlethwait et al., 1998) , and fugu (Takifugu rubripes) has two Otx2 orthologues, TrOtx2a and TrOtx2b (Suda et al., 2009 ). However, zebrafish and medaka have only one Otx2 orthologue (DrOtx2, OlOtx2) that is homologous to TrOtx2a, but not to TrOtx2b. Teleost Otx2a orthologues are well conserved with other vertebrate Otx2 orthologues, while Otx2b is rather diverged; amino acid identity with mouse Otx2 is 90% in TrOtx2a and 73% in TrOtx2b (Kimura-Yoshida et al., 2004; Suda et al., 2009 ). Contradicting to the above observation was our previous enhancer analysis in TrOtx2a orthologue. The analysis over the 70 kb Fugu genomic region by transgenesis in mouse embryos with bGal as a marker identified a 1.1 kb fragment located at +14.4 to +15.5 kb 3 0 that exhibited distinctive enhancer activities in mouse AVE and AME (Kimura-Yoshida et al., 2007) ; the enhancer in this fragment was previously termed the 1.1 kb enhancer, but is designated as 3 0 En throughout this study. The 3 0 En region has core elements (FOXA2 binding site, A and B motifs), though there are no other sequences conserved between the 3 0 En region and sarcopterigian a1 region. Sequence homology of enhancers among distantly related vertebrates is not necessarily preserved even if the gene expression is kept unchanged (Schmidt et al., 2010) , and we proposed that the TrOtx2a 3 0 En region harbors the enhancers homologous to mouse VE and CM enhancers (Kimura-Yoshida et al., 2007) . However, another of our observations suggested that in Takifugu niphobles (Tn) embryos TnOtx2a is not expressed in organizer tissues: dorsal margin of blastoderm, embryonic shield and early anterior mesendoderm (Suda et al., 2009 
Results

Otx2 expression in teleost embryos
The absence of Otx2a expression in organizer tissues of fugu embryos (Suda et al., 2009) contradicted to our previous proposal that the TrOtx2a 3 0 En region has an organizer enhancer in fugu. We have reassessed the Otx2a expression with T. niphobles that is closely related to T. rubripes of which a genome analysis has been conducted; they can interbreed to generate fertile F1 heterozygotes (Kai et al., 2005; Yamanoue et al., 2009) . Amino acid sequences of TrOtx2a and TnOtx2a and of TrOtx2b and TnOtx2b proteins are 100% identical, and are collectively called TfOtx2a or TfOtx2b throughout this study. In T. niphobles embryos, TnOtx2a expression was not detected at all in the TnGsc-and TnFoxA3-positive dorsal marginal zone at late blastula stage (Fig. 1Aa, i , q) or in the TnGsc-and TnFoxA3-positive shield region at 50% epiboly stage (Fig. 1Ab , j, r) by RNA in situ hybridization. The TnOtx2a expression was first found weakly at 80% epiboly in the TnGsc, TnFoxA2 and TnFoxA3-positive anterior mesendoderm (Fig. 1Ac, k, o, s) . At 3 somite stage the expression was found in anterior neuroectoderm, prechordal plate and polster cells (Fig. 1Ad) . Therefore, TnOtx2a expression is not apparent in early organizer tissues, though it is present in later anterior mesendodermal tissues as well as in anterior neuroectoderm.
In contrast, TnOtx2b expression was found in the TnGscand TnFoxA3-positive dorsal marginal zone at late blastula stage ( Fig. 1Ae ) and in the shield as well as anterior neuroectoderm induced at 50% epiboly stage (Fig. 1Af) . The TnOtx2b expression was also distinct in anterior neuroectoderm and anterior mesendoderm-derived tissues at 80% epiboly and 3 somite stages. Thus it is TnOtx2b, but not TnOtx2a, that inherits the expression pattern of the tetrapod Otx2 orthologues at early development. In medaka embryos, OlOtx2 expression was not detected at all in the dorsal marginal zone at late blastula stage (stage 12), was faint in the shield region at mid gastrula (stage 15), and weak in anterior mesendodermal tissues at 80% epiboly (stage 16) and 3 somite stage (Fig. 1B) . In zebrafish embryos, DrOtx2 expression was also reported absent in dorsal margin of blastoderm or embryonic shield, and present later in anterior mesendoderm (Li et al., 1994) .
2.2.
Enhancer activities of TfOtx2a 3 0 En region VE and CM domains exist in the a1 region 5 0 proximal to the translation start site and conserved among sarcopterigian Otx2 orthologues. The CM domain is not conserved in any a1 regions of actinopterigian Otx2 orthologues; the VE domain weakly in Polypterus, and scarcely at all in teleost Otx2a orthologues (Kurokawa et al., 2006 . Our previous enhancer analysis of TrOtx2a genome by transgenesis in mouse embryos has identified a 3 0 En region located at +14.4 to +15.5 kb that has the enhancer activities in mouse embryos similar to the a1 region of mouse Otx2 gene (Kimura-Yoshida et al., 2007) . TfOtx2a 3 0 En region has a FOXA2 binding site and A and B motifs ( Fig. 2B ), though there are no other sequences conserved with mouse a1 region or with mouse VE and CM domains (Kimura et al., 1997; Kimura-Yoshida et al., 2007; Kurokawa et al., 2010) . Medaka OlOtx2 and zebrafish DrOtx2 conserve the 3 0 En regions ( Fig. 2A and B); FOXA2 binding site and A and B motifs are also conserved (Fig. 2B ). With a TrOtx2a 3 0 En fragment that was newly isolated from a T. rubripes fish it was reconfirmed that the TrOtx2a 3 0 En fragment indeed exhibits activities in mouse AVE, AME and cephalic mesenchyme ( Fig. 2C ). However, zebrafish DrOtx2 3 0 En exhibited no activities in mouse AVE, AME or cephalic mesenchyme (data not shown).
In fugu embryos, TrOtx2a 3 0 En region did not exhibit any activity at shield stage, though it had activity in prechordal plate and polster cells at early somite stage (Fig. 2D) . Furthermore, in zebrafish embryos the DrOtx2 3 0 En region had no activity at dorsal margin of blastoderm or shield region, and exhibited activities in polster and prechordal plate at early somite stage (data not shown). TrOtx2b also conserves 3 0 En moderately, but did not exhibit any enhancer activities in fugu embryos. Therefore, we conclude the 3 0 En region does not harbor an organizer enhancer comparable to tetrapod VE and CM enhancers, but has an enhancer unique to teleost Otx2a orthologues for the expression in later anterior mesendoderm at somite stage.
TfOtx2b organizer enhancer
TfOtx2b is expressed in organizer tissues as described above. Stickleback also retains an Otx2b paralogue (GaOtx2b). There are domains conserved between TfOtx2b and GaOtx2b in a 2 kb region 5 0 proximal to the translation start site (a1 region) (Fig. 3A) . The TfOtx2b a1 region exhibited no activity in mouse AVE, and its activity was scarce in mouse anterior mesendoderm and cephalic mesenchyme (Fig. 3B) . However, the TfOtx2b a1 region exhibited activities in organizer tissues of T. niphobles embryos: the dorsal marginal zone at late blastula stage, shield region at 50% epiboly, anterior mesendoderm at 80% epiboly and prechordal plate and polster cells at somite stage (Fig. 3C ), as endogenous TfOtx2b expression. The a1 region does not have activity in anterior neuroectoderm that is shouldered by the FM enhancer (Kurokawa et al., 2004a,b) . The GaOtx2b a1 region also exhibited similar activities in the fugu embryos (Fig. 3D) . The a1 region includes the sequences very weakly conserved with VE sequences in Polypterus and faintly with those in Xenopus Otx2 genes (Fig. 3A) . The dissection of the 2 kb fragment (Fig. 3E ) indicated that the enhancer activity resides in the 1000 bp fragment. The deletion of the 300 bp fragment (À800 to À500) from the 1000 bp fragment (5 0 En/500 bp) retained the enhancer activity, demonstrating the VE domain in this 300 bp fragment is not responsible for the activity. The 500 bp fragment did not have the activity, and thus the 200 bp fragment (À1000 to À800), designated as 5 0 En, is responsible for the enhancer activity. The 5 0 En domain is conserved among teleost Otx2b genes, but not at all in TnOtx2a, DrOtx2, OlOtx2, PsOtx2 (Polypterus), XlOtx2, StOtx2 (soft-shelled turtle), GgOtx2 (chick) or MmOtx2 (mouse) (Fig 3A, data not shown). The TfOtx2b 5 0 En domain, however, has a potential FOXA binding site, and the mutation in this site abolished the enhancer activity ( Fig. 3E and F) . Gel retardation assay yielded a shift band indicated as C2 in Fig. 4B with in vitro synthesized FOXA2 and a shift band indicated as C3 with FOXA3. These shift bands were challenged by a wild type probe (corresponding to À953 to À915 bp of TrOtx2b 5 0 En) but not by a mutant probe in which the FOX binding site is transversely mutated (Fig. 4) . 3.
Discussion
In a previous study we proposed that enhancers in the fugu Otx2a 3 0 En region are phylogenetically and functionally homologous to VE and CM enhancers in mouse Otx2 gene. However, the present study concludes that TfOtx2a 3 0 En does not have an organizer enhancer comparable to VE and CM enhancers of mouse Otx2 gene, but harbors an enhancer for the expression in prechordal plate and polster at somite stage uniquely acquired in teleost lineage after the divergence from basal ray-finned fishes (Fig. 5) . Our previous proposal was based on (1) enhancer activities of the TrOtx2a 3 0 En region in mouse anterior visceral endoderm, anterior mesendoderm and cephalic mesenchyme and (2) the presence of the core to VE and CM sequences in the sarcopterigian a1 region (Fig. 5) . Moreover, the endogenous TfOtx2a is not expressed in dorsal margin of blastoderm or shield. Furthermore, neither fugu Otx2a 3 0 En nor zebrafish Otx2a 3 0 En exhibited activity in dorsal Enhancer activity assay by transgenesis can be performed in model animals such as zebrafish, medaka, Xenopus, chick and mouse. This study presents a warning about the enhancer assay of a genomic fragment in heterologous animals; the enhancer activities of a genomic fragment of an animal should be examined in that animal itself, together with the endogenous expression of the relevant gene. To assign enhancer activities to a genomic fragment of non-model organisms, the assay should be performed in several related model animals , and multiple pieces of supporting evidence may be required. To conclusively assign enhancer activities in a genomic region, one would ultimately need to examine the effects of its deletion in the endogenous locus on the gene expression; this is currently possible only in mouse. In addition, a gene expression is frequently regulated by multiple enhancers, and it is difficult to assign enhancer activities to a genomic region by compound enhancer mutations in mouse (Sakurai et al., 2010) .
VE and CM enhancers are not conserved in teleost Otx2a orthologues, and neither zebrafish, fugu nor medaka Otx2a orthologue was expressed in dorsal marginal zone and shield. In contrast, TnOtx2b is expressed in the organizer tissues, and we propose that the 5 0 En domain is responsible for this activity. The 5 0 En enhancer is also conserved in stickleback GaOtx2b and would have been present in the Otx2 gene of an ancestral teleost before whole genome duplication (Fig. 5) . After the duplication the expression in organizer tissues would have been retained in Otx2b lineage and lost in Otx2a lineage. Such gene duplication and expression segregation are widely known in teleost genes (Ohno, 1970; Amores et al., 1998) . The absence of the 5 0 En sequence in Otx2 orthologues of other animals, especially of Polypterus, suggests its acquisition in a teleost ancestor after divergence from basal ray-finned fishes; TnOtx2b 5 0 En exhibited no enhancer activity in mouse AVE or AME. Of note is that Otx2a orthologues are conserved but Otx2b orthologues are lost in zebrafish and medaka. This suggests that Otx2 expression is not essential to organizer functions in teleosts, though in mouse and probably in sarcopterigian Otx2 is essential to head organizer functions.
Vertebrates have three Otx genes, Otx1, Otx2 and Otx5. Otx1 and Otx2 have been suggested to be functionally equivalent (Suda et al., 1999; Acampora et al., 2001 Acampora et al., , 2003 , but in amniote embryos it is only Otx2 that is expressed in organizer tissues at early embryogenesis; neither Otx1 nor Otx5 is ever found there (Suda et al., 2009 ). In zebrafish, medaka and fugu, however, Otx1 orthologues, but not Otx5, are also expressed in organizer tissues. Zebrafish, medaka and fugu retain two Otx1 paralogues; both paralogues are expressed in zebrafish organizer tissues, while in fugu and medaka only Otx1a is expressed in dorsal marginal zone and shield (Suda et al., 2009; unpublished data) . In Polypterus, skate and lamprey, Otx1, Otx2 and Otx5, all are expressed in organizer tissues. One possibility is that in a teleost ancestor prior to whole genome duplication Otx1 and Otx2 would both have been expressed in the dorsal marginal zone of late blastula, and the embryonic shield of gastrula. Subsequent whole genome duplication and the following genome changes would have caused different Otx paralogue usage in each teleost lineage as the duplication-degeneration-complementation model proposes (Prince and Pickett, 2002) . Zebrafish lost DrOtx2b and silenced DrOtx2a, medaka also lost OlOtx2b and silenced OlOtx1b and OlOtx2a, while fugu would have silenced TfOtx1b and TfOtx2a for proper Otx dosage compensation in early organizer sites. Leucopsarion petersii (shiro-uo), which is relatively close to fugu in the Periciformes group, did not silence Otx3 (Otx1b) (Kamimoto et al., 2003) . In organizer tissues zebrafish coopted DrOtx1a and DrOtx1b (Li et al., 1994; Mori et al., 1994; Mercier et al., 1995) , fugu TfOtx1a and TfOtx2b (Suda et al., 2009 ) and medaka OlOtx1a (this paper and unpublished data). Neither VE, CM nor 5 0 En sequences are conserved in zebrafish, medaka or fugu Otx1 orthologues. It remains to be determined whether the Otx1 paralogue expression in teleost organizers is directed by the enhancers phylogenetically homologous to those in Polypterus, skate and lamprey Otx1 orthologues. At the same time, it is possible that whileOtx1a, Otx1b and Otx2b are expressed in organizer tissues, they have no roles in head development of teleost animals. The suppression of the Otx1a, Otx1b and Otx2 expression by morpholino did not show up their functions in zebrafish organizer tissues (Foucher et al., 2006; our unpublished results) , though this must be confirmed by mutant studies. There could be critical differences in the functional roles of organizer tissues between teleosts and tetrapods. The concept of head organizer has not been established experimentally in teleost animals (Fekany et al., 1999; Chen and Kimelman, 2000) ; it is still unclear in what ways the mechanisms underlying A-P axis formation and head induction in tetrapods and teleosts are similar or different.
Experimental procedures
Embryos
The fugu embryos used in this study were T. niphobles which are intimately related to T. rubripes (Suda et al., 2009; Yamanoue et al., 2009) : the embryos were staged according to T. rubripes (Uji et al., 2011) . Sexually mature T. niphobles were collected on Arai beach, Kanagawa prefecture, Japan. Fertilized eggs were obtained by artificial insemination and cultured in filtered seawater at 18°C with vigorous aeration. Fertilized eggs of medaka (Oryzias latipes) OK-Cab strain, a conventional wild-type strain, were obtained by natural mating in our aquarium. Embryos were incubated in a balanced salt solution (Iwamatsu, 1983) at 27°C, and staged according to Iwamatsu (2004) .
4.2.
Isolation of cDNA clones in T. niphobles and medaka T. niphobles Otx2a and Otx2b cDNA clones were isolated as previously described (Suda et al., 2009) . T. niphobles Gsc, FoxA2, FoxA3 and T cDNA clones were isolated by RT-PCR with adult brain or mid gastrula total RNAs. Lengths of the products and primers used were: Gsc (GenBank ID: 
In situ hybridization
Whole mount in situ hybridization was performed using digoxigenin or fluorescein-UTP-labeled antisense RNA probes as described (Kurokawa et al., 2006; Suda et al., 2009 ).
4.4.
Reporter gene construction
Genomic fragments of T. rubripes (Tr), Danio rerio (Dr) and stickleback (Gasterosteus aculeatus; Ga) Otx2 genes were indicates head organizer tissues and AME anterior mesendoderm. The head organizer tissues include AVE in mouse, deep endoderm cells in Xenopus, and dorsal margin/shield in teleost; it also includes early AME at gastrula. Dotted bars indicate the weak conservation of sequences without any enhancer activities. a1 regions were fused to reporter Egfp gene in pT2 AL200R150G (Kawakami et al., 2004; Urasaki et al., 2006) or lacZ gene in pBSLacZ (Kimura et al., 1997; Kurokawa et al., 2010) . The TrOtx2a 3 0 En and DrOtx2 3 0 En were inserted into the SmaI site of F0placZ (Kimura-Yoshida et al., 2004) to generate reporters for the assay of enhancer activities. Reporter assay was performed as previously described .
Transgenic animals
Transgenic mice were generated, and marker bGal expression was determined as described (Kurokawa et al., 2006 . Transgenic fugu and zebrafish were generated by injecting each reporter DNA into zygotes with Tol2 transposon mRNA as described (Kawakami et al., 2004; Urasaki et al., 2006 ).
4.6.
Electrophoretic mobility shift assay (EMSA)
In vitro translation of FOX proteins and EMSA assay were conducted as reported (Takasaki et al., 2007; Inoue et al., 2008) . The competition assay included two molecular ratios of labeled oligonucleotides to unlabelled oligonucleotides, of 1:100 or 1:200. Oligonucleotides used for this study were Wt (5 0 -TAG TGGGTCATCTCCTTGTTTATTTAGATTAAATGCTTC-3 0 ) and mt (5 0 -TAGTGGGTCATCTCCGGTGGGCGGGAGATTAAATG CTTC-3 0 ) (Fig. 4A ).
